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Preparation and Properties of Reduced «-Casein
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«x-Casein obtained from pooled milk was resolved into three major and several minor
components by polyacrylamide electrophoresis after reduction of the disulfide bonds
with 2-mercaptoethanol. The reduced and alkylated derivatives quantitatively re-
tained the ability to stabilize a.-casein in the presence of calcium ions. Glycomacro-
peptide release and para-«-casein formation were observed after the action of rennin

on the alkylated x-casein derivatives.

The electrophoretic behavior of x-casein
differs markedly from that of the other
proteins of the casein complex. In starch-gel
electrophoresis (1), x-casein migrates as a
broad unresolved zone, whereas the other
casein proteins are resolved into distinct
electrophoretic components. The electro-
phoretic behavior of k-casein in polyacryl-
amide gels of low cyanogum content (5 %) is
similar to that observed in starch gels; how-
ever, in polyacrylamide gels of 7% cyano-
gum, the protein is almost totally retained
in the sample slot (2). This behavior can be
attributed to the greater molecular sieving
effect exerted by polyacrylamide gels on
the high molecular weight «-casein aggre-
gates.

The forces responsible for the formation of
high molecular weight «-casein aggregates
are not well understood. However, it is
unlikely that noncovalent forces are wholly
responsible since the «-casein complexes are
only partially disrupted by dissociating sol-
vents such as 5 M guanidine hydrochloride
(3). On the other hand, the marked decrease
in molecular weight of «-casein brought
about by alkaline pH’s (4) or by reduction
with 2-mercaptoethanol (3) indicates that
intermolecular disulfide bonding probably
contributes substantially to the formation of
high molecular weight x-casein.

! Bastern Utilization Research and Develop-
ment Division, Agricultural Research Service,
U. 8. Department of Agriculture.

Reduction of the disulfide bonds of k-casein
has permitted the electrophoretic resolution
of the reduced protein into a number of
distinet components (5, 6). Neelin (5) has
reported the resolution of k-casein by starch-
gel electrophoresis into two major a and b
zones after reduction with either cysteine
or mercaptoethanol. Similar results were ob-
tained by Woychik (6) after polyacrylamide
electrophoresis of reduced «-casein. Both of
these studies indicated qualitative and
quantitative variation among the major
components in k-caseins from individual
cows. Variations among the minor com-
ponents were also reported in the latter
study (6).

This communication elaborates on the
previous studies and presents the results of
further investigations of the effects of di-
sulfide bond cleavage on the electrophoretic
behavior and on some of the properties of
Kk-casein.

EXPERIMENTAL

Preparation of k-casein. k-Casein of pooled milk
was prepared from acid-precipitated whole casein
by the urea-sulfuric acid method of Zittle and
Custer (7). The isolated «-casein was further puri-
fied by precipitation of small amounts of other
casein components from alcoholic solution accord-
ing to the procedure of McKenzie and Wake (8).
No trace of other casein components was found by
polyacrylamide-gel electrophoresis of the purified
k-casein.

Reduction and alkylation of k-casein. A 1-29,
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solution of k-casein was reduced for 1 hour in 8 M
urea, pH 8.0, and veronal buffer (0.1 M) with
2-mercaptoethanol at a ratio of 10:1 based on a
half-cystine content of 10 moles —SH per 100,000
gm protein (3). The reduced protein was then
alkylated by the addition of a 3 M excess (based
on total —SH content) of alkylating agent, and
the pH was maintained at 8.0 by the addition of
0.1 N sodium hydroxide. After 15 minutes reaction
with the alkylating agent, the pH was lowered to
5.0 and the solution was exhaustively dialyzed
against distilled water to remove urea and salts.
The protein precipitated during the dialysis and
was redissolved by raising the pH of the solution
to 8.0 by the addition of alkali, and the solution
was then lyophilized. Cyanoethyl-«-casein (CNE-
k-casein) was prepared by reaction with acryl-
onitrile (9); carboxymethyl-x-casein (CM-«) by
reaction with iodoacetic acid; and carboxyamido-
methyl-k-casein (CAM-x) by reaction with iodo-
acetamide.

A spectrophotometric method (10) utilizing
potassium ferricyanide was used to check for the
presence or absence of free sulfhydryl groups in the
CNE-«-casein. The completeness of reduction and
alkylation of the liberated sulfhydryl groups in
CONE-x-casein was determined by amino acid
analysis of the hydrolyzed protein. Carboxy-
ethylcysteine, the acid hydrolysis product of
cyanoethyleysteine, was eluted between serine
and glutamic acid (9) according to the analytical
system described by Piez and Morris (11).

ar-Casein stabilizalion and rennin senstiivity.
The ability of -casein and its reduced derivatives
to stabilize as-casein against precipitation by
calcium ions was measured according to the
procedure described by Zittle (12). The tests were
performed at pH 6.7 in the presence of 0.02 M
caleium chloride with x/as-casein ratios of 0.02/
0.20. The results were expressed as percentage os-
casein solubilized.

Rennin sensitivity was determined by measure-
ment of the percentage total nitrogen soluble in
129, trichloroacetic acid (TCA) and as percentage
total sialic acid soluble in 12% TCA. «-Casein
(0.5%) was digested with crystalline rennin (1 g
per milliliter) in pH 6.7 citrate (0.01 M) buffer
containing 0.1 M sodium chloride. (Crystalline
rennin was purchased from Sigma Chemical
Company, St. Louis, Missouri.) Aliquots were
removed during digestion and pipetted into equal
volumes of 249, TCA. The precipitates were re-
moved by filtration and the supernatants were
analyzed for total nitrogen by the micro-Kjeldahl
procedure, and for sialic acid by the method of
Warren (13) after removal of TCA by dialysis.

Polyacrylamide-gel electrophoresis. Polyacryl-
amide-gel electrophoresis (PAE) was done in an

E-C Apparatus Company? vertical electrophoresis
cell. The gels were composed of 7% Cyanogum?® in
pH 9.2 tris-4.5 M urea buffer (14). Protein samples
(20 ul of a 1%, solution) were applied to the gel slots
in pH 9.2 tris-7 M urea and run at 125 mA for ap-
proximately 3 hours. The electrophoretic patterns
were developed by staining with Amido Black, and
excess dye was removed with a 79, acetic acid
wash.

When electrophoretic patterns were obtained of
reduced nonalkylated x-casein, the samples were
prepared by the addition of 0.01 ml mercapto-
ethanol to 1.0 ml of a 1% solution in the tris-7 M
urea buffer. Mercaptoethanol was initially in-
corporated into the gels (0.5 ml/150 ml gel solu-
tion) to prevent possible reoxidation of sulfhydryl
groups during electrophoresis; however, sub-
sequent studies showed this to be unnecessary.

RESULTS AND DISCUSSION

Reduction and electrophoresis of k-casein.
Whole casein can be resolved by polyacryl-
amide-gel electrophoresis into its component
proteins, as illustrated in Fig. la. The
principal casein components are readily re-
solved into discrete bands, whereas the
presence of k-casein in the electrophoretic
pattern can be detected only as a sharp dark
line at the leading edge of the sample slot.
The pattern of «-casein (Fig. 1b) more
clearly illustrates its electrophoretic behavior
in polyacrylamide gels, wherein, except for
a rather large streaked area, most of the
protein is impacted against the forward
edge of the sample slot. This behavior indi-
cates that the bulk of the protein in this
system exists in the form of high molecular
weight complexes, of a size sufficient to
prevent their passage through the gel pores.
«Casein exhibits an identical electrophoretic
behavior when run in gels composed of a
dissociating system such as tris-8 M urea;
this indicates that other bonds in addition
to noncovalent ones are responsible for the
high molecular weight of k-casein.

Reduction of the disulfide bonds of k-casein

2 Reference to particular products or companies
does not imply their endorsement by the U. S.
Department of Agriculture over others not men-
tioned.

s Cyanogum 41 gelling agent, a mixture of acryl-
amide and N, N'-methylenebisacrylamide, was ob-
tained from Fischer Scientific Company, Fairlawn,
New Jersey.
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F1c. 1. (a) Polyacrylamide-gel electrophoresis
of whole casein; (b) “native” k-casein; and (c)
reduced nonalkylated «-casein.

with 2-mercaptoethanol converted the pro-
tein into a size which readily migrated
through the gel and permitted resolution of
reduced «k-casein into individual electro-
phoretic components. The electrophoretic
pattern of reduced nonalkylated «-casein
obtained from pooled milk is shown in Fig.
lc. Three major components were readily
detected together with five or six minor
components; no trace of protein was ob-
served in the sample slot.

The three major electrophoretic com-
ponents of pooled k-casein are identical with
the A, B, and C bands observed to oceur in
various combinations in reduced k-caseins
obtained from the milks of individual cows

(6). These components appear to be variant
forms; however, genetic control for the ob-
served polymorphism of k-casein has not yet
been established. The minor components
seen in the electrophoretic patterns may also
be variant forms or they may be due to
modifications of the major components
through loss of amide groups of sialic acid
moieties. Identical electrophoretic patterns
have been obtained for reduced «-casein
after reduction of whole, acid-precipitated
casein and after reduction of «-casein iso-
lated by the urea-H,SO, procedure (7). Tt is
doubtful that such alterations could occur
as a result of the isoelectric precipitation;
however, incomplete biosynthesis may also
be involved in the formation of the minor
k-casein components.

On the basis of the electrophoretic pat-
terns in Fig. 1, it can be concluded that a
number of polypeptide components are
linked together through disulfide bonds in
k-casein preparations. This evidence, to-
gether with the lower molecular weights ob-
tained for k-casein by sedimentation analysis
after disulfide cleavage (3), strongly suggests
that extensive intermolecular disulfide bond-
ing, possibly occurring in a random manner,
is responsible in part for the formation of
high molecular weight «-casein.

The above observations, however, do not
exclude the existence of intramolecular di-
sulfide bonds in «-casein, nor do they permit
the assumption that the individual electro-
phoretic components observed after reduc-
tion represent different x-casein molecules.

Reduction of the disulfide bonds of
k-casein, as obtained in Fig. 1, made it
impossible to determine whether “native’”
k-casein molecules are composed of one or
more polypeptide chains. In an attempt to
obtain partially reduced «-casein, the effect
of reduction with varied ratios of mercapto-
ethanol to half-cystine content (1:10 to
10:1) and for varied periods of time 6
minutes to 24 hours) was investigated. In
all cases the patterns were identical with
that of Fig. 1c, with the exception that some
unreduced protein still remained in the
sample slot at low ratios of reductant and
after short reduction times. Similar results
were obtained when reduction was done with
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urea concentrations of 0-8 M. The failure to
observe partially reduced forms of k-casein
which might have indicated the sequence of
cleavage indicated that all of the disulfide
bonds are probably equally accessible. More
specific techniques capable of distinguishing
between intramolecular and intermolecular
disulfide bonds will be required before the
nature of disulfide bonding in k-casein can
be elucidated.

The need for stable reduced forms of
k-casein prompted the preparation of the
CNE, CM, and CAM-«-casein derivatives.
The electrophoretic patterns of these deriva-
tives were obtained and compared with that
of the reduced nonalkylated «-casein. In all
cases the patterns of the derivatives were
qualitatively identical with the nonalkylated
protein. In the case of the CM-«-casein, the
addition of charged groups (—COOH)
caused an increase in the electrophoretic
mobilities, whereas with the iodoacetamide
derivative, CAM-k-casein, the mobilities
were somewhat slower probably due to
nonspecific alkylation of methionine residues
(15). The electrophoretic mobilities of
components in CNE-x-casein were identical
with those of the reduced nonalkylated
k-casein.

No residual sulfhydryl groups were found
in CNE-«-casein by the spectrophotometric
ferricyanide procedure (10). Similarly, the
absence of even a trace of cysteine in the
amino acid elution pattern (11) of CNE-«-
casein established that complete reduction
and alkylation of all disulfide bonds in
k-casein achieved. S-Carboxyethylcysteine,
the hydrolysis product of S-cyanoethyl-
cystein, was well resolved and emerged
between serine and glutamic acid.

Stabilization of a,-casein and rennin
sensitivity. The marked effect of disulfide
cleavage in decreasing the molecular weight
of k-casein (3) and on its electrophoretic
behavior raised the question of whether
reduced «-casein retained the characteristic
properties of a-casein stabilization and
rennin sensitivity. These properties have
been useful in investigating the effects of
various treatments on x-casein.

The ability of k-casein to stabilize the
calcium-sensitive casein (a,) has been
measured by the determination of the
amount of a,-casein solubilized in the
presence of 0.02 M calcium chloride with
various ratios of x to as-casein (12). All
three reduced derivatives quantitatively
retained in a,-casein stabilizing ability

100 T T T
. ——
0/0
80 /(‘/ -
. o-® -
w
- L)
[¢e] - —
S 60 9
.}
(]
7]
E —
w
(/2]
<
o
J -
| | 1
0.05 0.10 0.15
x-CASEIN
RATIO: —mMM8Mm88™
Qg CASEIN

Fra. 2. Solubilization of a,-casein by ‘“native’’ (—@—) and CNE-«-casein (—O—).



‘“UIUULI JO UOTIAB 9Y) Aq UTOSBO-*-TI N

uroj (- ~@--) PIo® 91[BIS puB (—O—) UWBOIITU S[QN[OS-YO.I, %ZI JO 9S8Oy ‘g "OIf

S3ILINNIA TAWIL NOILOV3Y
oS ot oe 02 [o]] (o}

(0] T T T T T 0 8

=

o c

> @

>

- m
O g2t

z

> z

-

e b

o o

* @

oS m

* z

S B

3 sef S

> o

a =

>

ool 1 L ' . 1 oz "

pIonpar wWoij PIuUIBIqO dOUIPIAD A,
‘sureys aprydedAtod
[BNPIAIPUL 89U} UIY}IM OPISOI osTe sorjrodoxd
UI9sBo-¥  DIISLIOJORIBYD OU) 9BY} O}BOIPUI
uorjguonorly orydersojeworys £q pourejqo
sjuouodwiod [BNPIAIPUL JO SATpN)s Argurw|
-1 "syusuodwion 913010ydor)dafe JULISHIP
9U) JO [BISASS JO 0950 POUIqUIOD oY} WO}
PourBI(O 818 UOT)BULIOF Xo[dWI0D PU® UOTYBZI[

-IqB)s ureseo-" Jey) tgedde jou seop 91
"UISBO-¥ JOJ 9INJONIIS
ureyo oaprydedATod o[Suls ® 10j 99udpIAe SB
PaIBpISUO0O 9 JYSIW SULIO] peonpar A[[erjaed
urelqo 0y LJ[IqruL 9Y) ‘I9AdMOY] *ApNjs siyy
WoIy paajosal oq jouurd ureys oprpdedAod
9UO UBY} AIOW JO §SISUOD SO[NOJ[OWI UIOSBO-¥
9ATIBU ISUJoyM uOsenb oyJ, ‘pormbex o
yey) re oxe sureydp oprdedAjod renprarpur
Joejul 9BY) s1eadde 91 jurodpue)s [BuOIjOUN]
B WOI] "INJO0 0} UOIYBZI[IGR)S 10J pasmbar
jou sT Ajuejur aremosiowr SIY)  ‘sofeyurf
OPYnSIp  y3Inoayy punoq sureyo opryded
-A[od arow 10 oM} JO §)SISUOD SMIS[OW
UTes®O-¥ oY) JT 1BU} $0)BOIPUI SIYJ, ‘podmb
-0l are sdnoid [AIpAyjms eoxy aou spuoq
SPYNSIP J0BIUL JOYIRU ‘A[SNOIAQ() "UIISBO-H
pue - usamlaq uonEWIO] Xo[dwod oy
JO 2InjBU BY) JUIPIBSOI SUOISN[IUOD [BISADS
jrsed  UIRSBO--IND  OU) UM  poure)
“qO0 Sj[nser UONBZIIqE)S Y, ‘Jurjsorojur
9)mMb SI UIOSBI-¥ JO SOAIIBALIOP peonpax
oy} £q AJTAIYISUSS UTUUAI pue AJiqe surzy

-1qB)s 9} JO uO1USjal sAlBITIUBND Ay,
UIRSBO-¥ poonpalun Yjm
paure)qo oS0y} YjiM JUSUIISR UT 918 SoN[BA
AYJ, 'UOLSOTIP SOINUIW () JI9}J8 UOIIBIJ
VO %1 Y} Ul punoj a1oM pIo® OIfEIs 1830}
9} JO % (6 PuUB USFOIIIU 810} 9Y} JO 9, O
Apyewurxoxrddy "SeNUIW ()] I99J€ JUSPIAD SBM
uresBo-¥-fNO-vd Jo 9reydoord Aaeey ®
pue ‘sognurw ¢ urgym padofessp Ajpiqanyg,
‘¢ "3 ur umoys are g Hd 18 (IY[IIW
Tod 87 ([) umuer YIM  UISBO-¥-H N
JO % G’0 ® Jo UOEQNOUT 9Y) I9)JB POUIBIO
S)NSSI  OYJ, ‘UONSeSIp Juump pased[ol
VOL % &1 Ul 9[qn{os pIog d1[BIS pug UaSos)u
Jo uonjeulIAOp oY) AQq PIMO[[O] SBM

UIosBI-¥-HN{) UO UIUUSI JO UOIE 9y,
"9[(IS$990BUN UTBWIAI [[T}S
Aewr sdnoi8 Surziiqe)s owos ‘uoryedersise
9[qBIOPISUO)  OJIOPUN  UIASBO-¥  PIINPAI
PU® ULSBO-Y (IO 90UIS )BY} ‘IOAIMOY
‘d[qrssod 0S[® ST 9] "UOIINPAI JO JNSOI B B
pesodxe orom sdnoi3 Suwziiqels [euoIppE
JIooner o/¥-jN) UeAIZ ® 1B POAIISQO
Uea(  9A®Y JUSIW UOMBZIIQB)S I1018BAIT
B osIMIOY)0 ‘uorjrwiof xo[dwioo *m/¥ 10§
9[(qB['BAB PUB J[([ISSA0IL 918 UTISBO-¥ UI SANOLT

Surziqe)s oyy jo qre yeyy Jeedde pnom 91
"GT°0 JO so1jeI ‘0 /¥ 18
uonezIIqnios % 06 Aejyewrxordde oyeorpur
SOAIMD oY) UlIYM ‘g "SI Ul UMOUS oIB
SUIOSBO-¥-GIN{) pPU®B poonpesun jo S}Nsor
oy} ATu() "UIesBO-¥ paanperuou oy} o} [enbe

MIHODAOM



PROPERTIES OF REDUCED «-CASEIN

k-casein thus far suggests that k-casein
preparations as isolated from whole casein
consist of a spectrum of molecular weights
which arise partly as a result of inter-
“molecular disulfide bonding between a
number of k-casein molecules. These oxida-
tions between free sulfhydryl groups (16) of
individual «-casein molecules could occur
either before or after milking. Cleavage of
these intermolecular disulfide bonds and
the presence of a deaggregating solvent
results in a lowered molecular weight of
approximately 20,000 (3) for the basic
polypeptide unit.
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